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Abstract 
The response of materials to cyclic loading using different loading conditions is analyzed. Hysteresis loops of 
austenitic steel cycled in symmetric and asymmetric strain- and stress controlled loading are analyzed to evaluate the 
contribution of effective stress and probability distribution of internal critical stresses. The austenitic-ferritic duplex 
steel is cycled with various positive mean stresses and cyclic stress-strain response, cyclic creep rates, resulting 
dislocation structures and fatigue life are evaluated. The effect of the mean stress on cyclic plasticity and fatigue life 
is discussed. 
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1. Introduction 
The response of engineering materials to the external forces is important in the selection of a material 
for a given purpose. Several procedures for the characterization of the cyclic stress-strain response have 
been proposed and are adopted in practice. Mostly constant amplitude strain-controlled loading is used in 
the low cycle fatigue domain and stress-controlled constant amplitude loading in the high cycle domain. 
Stress, strain and plastic strain amplitudes are used to plot cyclic hardening/softening curves and cyclic 
stress-strain curves.  These characteristics can be compared with dislocation structure developed in cyclic 
straining with the aim to obtain information on the mechanisms responsible for cyclic plasticity. 
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More complex information on the mechanical response of the material in cyclic straining can be 
obtained in two ways: (i) the analysis of the hysteresis loop shape based on statistical theory [1-3], (ii) the 
study of the kinetics of cyclic creep in stress controlled loading with mean stress [4-6]. The analysis of the 
hysteresis loop shape can yield the effective stress necessary for the motion of dislocations in a particular 
lattice and also the probability density function of the internal critical stresses and its evolution in cyclic 
straining. Cyclic creep in presence of the mean stress modifies the cyclic plastic stress-strain response and 
contributes to the total damage in cyclic straining. The cyclic creep rate is closely connected with the 
effective stress since the asymmetry in effective stress is the driving force for cyclic creep. 
The formulation of the statistical theory of the hysteresis loop uses original Masing approach [7] 
according to which the crystal can be represented by a parallel arrangement of microvolumes having 
different internal critical stresses and allows to consider also the thermally activated component (effective 
stress). The analysis of the loop shape allows separating the contribution of the effective stress and 
estimating the probability density function of the internal critical stresses. This approach has been applied 
to carbon steel cycled at different temperatures [8], to austenitic, ferritic and duplex stainless steels [2,9] 
and to martensitic steel cycled at elevated temperature [3]. Only probability density function of the 
internal critical stresses were determined by Maier and Christ [10] for near-a titanium alloy IMI 834, an 
AISI 304L type steel and a nickel-base superalloy IN 100 and recently by Sivaprasad et al. [12] in 304L 
and SA333 steels cycled with different strain amplitudes. The probability density function can be 
compared with internal dislocation structure developed in cyclic straining and allows thus obtaining the 
deeper insight into the mechanisms of cyclic plastic straining. 
Until now only the hysteresis loops produced in strain controlled symmetrical cycle have been 
analyzed. In cycling with mean stress cyclic creep is produced due to the different effective stresses in 
tensile and compression part of the cycle. It is therefore important to analyze both hysteresis half-loops in 
order to evaluate the effective stresses in tension and compression and correlate them with the resulting 
cyclic creep rate. 
In this contribution the behavior of austenitic 316L steel and austenitic-ferritic (duplex) steel is studied 
in strain and stress control either in symmetrical cycle or in cycling with mean stress. The hysteresis loops 
are analyzed and fatigue hardening/softening curves and cyclic creep curves for different positive mean 
stresses are evaluated. Plastic strain amplitude and cyclic creep rate is correlated with effective stresses in 
tension and compression and with internal dislocation structures developed in cyclic straining. 
2. Experimental 
Two experimental material were studied. Type 316L austenitic stainless steel 1.4404 DIN was supplied 
by Thyssen as rods of 22 mm in diameter. Austenitic-ferritic SAF 2205 type duplex stainless steel was 
supplied by Sandvik as rods of 30 mm in diameter. The chemical composition of the 316L steel (in wt. %) 
was 0.015 C, 16.5 Cr, 10.0 Ni, 2.0 Mo, 0.02 N, rest Fe and that of duplex steel 0.016 C, 22.0 Cr, 5.4 Ni, 
3.1 Mo, 0.16 N, the rest Fe. The average grain size of austenitic steel after homogenization for 1 hour at 
1050 °C was 50 μm. The structure of the duplex steel in as received condition was formed by islands of 
austenite elongated in the rolling direction that were embedded in a ferritic matrix. The volume fraction of 
austenite was 46% and the cross section of austenitic grains in the plane perpendicular to the specimen 
axis was about 200 ȝm2. 
Cylindrical specimens of the gauge length 12 mm and of the diameter 8 mm were manufactured and 
their central part was grinded to achieve a smooth surface. They were subjected to strain controlled 
symmetrical loading with constant strain rate or to sinusoidal loading with constant stress amplitude and 
constant mean stress with a frequency corresponding to a chosen mean strain rate. The computer 
controlled electrohydraulic testing system MTS 880 with an extensometer of 12 mm gauge length 
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positioned in the central part of the specimen was used. The hysteresis loops were recorded and plastic 
strain amplitude and mean strain were evaluated. The plastic strain amplitude εap was derived from the 
half-width of a closed hysteresis loop and the cyclic creep rate εc was equal to the increment of the mean 
strain εm in a cycle. 
In order to analyze the shape of the hysteresis loop high number of data on each loop was recorded (up 
to 10000 readings). The numerical smoothing was used to obtain the first and the second derivatives. 
Internal dislocation structures were studied in thin foils cut from the specimens parallel to the specimen 
axis. The foils were prepared using the standard double jet technique. Observations of dislocation 
structures were performed using TEM (Philips CM-12) at an accelerating voltage of 120 kV. The 
direction of the specimen axis was marked so that the orientation of each grain relative to the loading axis 
could be determined. Bright field imaging conditions were adopted and the diffraction patterns and 
Kikuchi lines were used to determine the grain orientation.  
3. Results
3.1. Hysteresis loop in strain and stress controlled cycling 
Austenitic steel was cycled in strain control with constant strain rate 1x10-3 s-1 (ramp loading) and 
constant total strain amplitude. The hysteresis loops were recorded. When the stress amplitude saturated 
the sinusoidal cycle with the same strain amplitude was applied. Figure 1a shows the hysteresis loops and 
Fig. 1b their parts close to the tensile maximum. Hysteresis loops do not differ substantially, nevertheless, 
there is characteristic difference which is most pronounced close to the point of reversal. In ramp loading 
and unloading the strain rate is constant and the effective stress is thus approximately constant in both 
half-loops. In sinusoidal cycling the strain rate changes continuously (follows cosines of time) and at 
maximum strain it is zero. Therefore, approaching the point of reversal, the effective stress decreases and 
plastic strain relaxation results in a small increase of the plastic strain amplitude (see Fig. 1b) 
The shape of the hysteresis loop reflects the shape of the waveform. The analysis of the shape of the 
hysteresis loop was performed using the statistical theory [1]. Figure 2 shows the first and the second 
derivatives of the compression half-loop in cycling with two waveforms vs. relative strain multiplied by 
the effective modulus Eeff. The effective stress derived from Fig. 2a is slightly higher than that from 
 (a)   (b) 
 
Fig. 1. Hysteresis loop in constant amplitude strain controlled cycling with ramp and sinus waveform 
(a), hysteresis loops (b) detail of the hysteresis loop close to tensile reversal. 
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Fig. 2b. It corresponds to the higher strain rate at the maximum strain in a loop. The shapes of the first and 
the second derivatives are similar. The drop of the first derivative and the rise of the second derivative for 
the highest values of εrEeff in sinusoidal loading correspond to the decrease of the strain rate and also to 
the decrease of the effective stress when approaching minimum strain. 
The stress controlled cycling is used to study cyclic creep and the shape of the corresponding hysteresis 
loop. In constant stress amplitude loading with the mean stress cyclic creep is highest in the beginning and 
decreases rapidly (see next paragraph). After 130 cycles in symmetric strain and stress controlled cycling 
mean stress 20 MPa has been added and another 20 cycles with sinusoidal waveform were run. Figure 3a 
shows the last hysteresis loop and Fig. 3b the second derivatives of both half-loops. The hysteresis loop is 
nearly closed (cyclic creep rate was 2x10-5). The analysis of both half loops yields tensile and 
compressive effective stresses that are equal within the precision of their determination. However, 
appreciable asymmetry was found in the distribution of the volumes with internal critical stresses. The 
probability density function derived from the tensile half-loop is shifted to the higher value of εrE. 
 (a)     (b) 
 
Fig. 2. The first and the second derivatives of the compression hysteresis half-loop, a) ramp waveform, 
b) sine waveform. 
 (a)      (b) 
 
Fig. 3. Hysteresis loop in asymmetric cycling (a) and the second derivative of both half-loops (b). 
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3.2. Plastic strain amplitude and cyclic creep rate 
Systematic investigations of the effect of the mean stress on the cyclic plastic response and cyclic creep 
were performed on duplex steel. Figure 4 shows plastic strain amplitude, mean strain and cyclic creep rate  
     
 
Fig. 4. Plastic strain amplitude (a), mean strain (b) and cyclic creep rate in stress controlled cycling of 
duplex steel with various mean stresses. 
 
 
 
 
Fig. 6. Exponent of the cyclic 
stress-strain curve vs. mean 
stress. 
 
Fig. 7. Mean strain at half-life 
vs. mean stress. 
Fig. 5. Saturated plastic strain 
amplitude vs. mean stress for 
three stress amplitudes. 
 
in 5 Hz sinusoidal cycling with constant stress amplitude (340 MPa) and various mean stresses. Plastic 
strain amplitude (Fig. 4a) increases during cycling and then approximately saturates. The saturation values 
increase with increasing mean stress. Cyclic creep rate (Fig. 4c) is very small for mean stress equal to zero 
and 50 MPa. For higher mean stresses the logarithm of the cyclic creep rate decreases approximately 
linearly with the logarithm of the number of cycles. As a result mean strain has a tendency to saturation, 
for all mean stresses (Fig. 4b). 
Similar behavior was observed in cycling with stress amplitudes 360 MPa and 380 MPa. Plastic strain 
amplitude saturates in cycling with all stress amplitudes and mean stresses. Saturated plastic strain 
amplitudes are plotted for all three stress amplitudes vs. mean stress in Fig. 5. Plastic strain amplitude 
increases with mean stress for low stress amplitudes while it decreases with mean stress for the highest 
stress amplitude. Different effect of the mean stress on the plastic strain amplitude in cycling with high 
and low stress amplitudes results in the dependence of the cyclic stress-strain curve on the mean stress. 
For the evaluation of the slope of the cyclic stress-strain curves only three experimental points at each 
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mean stress were available. Nevertheless, the slope of the cyclic stress-strain curve increases considerably 
with increasing mean stress. Cyclic stress-strain curve was approximated by the Ramberg-Osgood relation 
      napa Kεσ =
where K is the fatigue hardening coefficient and n fatigue hardening exponent. The slope of the cyclic 
stress strain curve is characterized by the fatigue hardening exponent. The dependence of the exponent n 
on the mean stress shows Fig 6. 
Cyclic creep rate increases with increasing mean stresses in cycling with all stress amplitudes. 
Cumulative creep can be characterized by the mean strain at half-life. The plot of the mean strain at half-
life shows Fig. 7. In symmetric cycling and for small mean stresses mean stress at half-life is low and 
increases rapidly for higher mean stresses. 
3.3. Dislocation structures 
Characteristic dislocation structures in austenitic and ferritic grains in specimens from duplex steel 
cycled to fracture are shown in Figs 8 and 9. Figure 8 shows characteristic internal structures in a 
specimen cycled to fracture in symmetrical cycle with stress amplitude 360 MPa. In austenitic grain 
 (a)     (b) 
 
Fig. 8. Dislocation structures in duplex steel in symmetrical stress controlled cycling (a) austenitic 
grain.  
 (a)     (b) 
 
Fig. 9. Dislocation structures in duplex steel in cycling with mean stress 250 MPa (a) austenitic grain,  
(b) ferritic grain. 
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(Fig. 8a) prevails planar dislocation arrangement with thin bands with high dislocation density separated 
by dislocation free areas. In primary slip system ((111) slip plane) dislocation rich bundles, which might 
be predecessors of a ladder like structure of persistent slip bands, start to be formed. The secondary slip 
system ((11 1 ) slip plane) is only weakly developed. In ferritic grain (Fig. 8b) nearly random distribution 
of dislocation segments was found. It indicates that plastic strain amplitude in this grain was very low. 
The dislocation structures in austenitic and in ferritic grains in specimens cycled in symmetrical stress 
controlled loading resulting in saturated plastic strain amplitudes around 2x10-4 are similar to those found 
in strain controlled symmetrical loading [12]. 
Figure 9 shows characteristic structures in specimen cycled with the same stress amplitude 360 MPa 
but with mean stress 250 MPa. The structure in austenitic grain (Fig. 9a) is formed by dense thin bands 
parallel to the trace of primary slip plane. Primary slip plane (111) is inclined to the foil plane at a high 
angle and we can see high density of dislocations piled up within individual bands. It corresponds to the 
polarized structure due to unidirectional strain induced by cyclic creep. Dislocation density in a ferritic 
grain (Fig. 9b) is much higher than in case of symmetrical cycling (Fig. 8b). Dislocations are arranged in 
clusters or walls. The band parallel to primary ( 1 01) plane and showing the alternations of dislocation 
rich walls and dislocation pure channels is still not fully developed. Screw dislocation segments extend 
from one wall to the neighbor one. These arrangements show that much higher dislocation density is 
developed in cycling with mean stress mostly due to appreciable mean strain developed during cycling. 
3.4. Fatigue life 
Cyclic loading of duplex steel with positive mean stresses resulted in a decrease of the fatigue life with 
increasing mean stress. Figure 10 shows number of cycles to fracture vs. mean stress for three stress 
amplitudes. The decrease of the fatigue life with mean stress is most steep in cycling with the lowest 
stress amplitude (100 times). However, even in cycling with the stress amplitude 380 MPa the increase of 
the mean stress to 250 MPa reduces the fatigue life 20 times. 
 
Fatigue life was plotted vs. saturated plastic strain amplitude in a usual Manson-Coffin plot in Fig.11. 
Due to the fact that plastic strain amplitude is only weakly dependent on the mean stress (see Fig. 5) 
Manson Coffin curves differ heavily for various mean stresses. The slope of the curves does not change 
severely but with increasing mean stress the curves are shifted to lower fatigue lives.  
 
  
Fig. 11. Manson-Coffin plot in cycling  
with different mean stresses. 
 
Fig. 10. Fatigue life vs. mean stress. 
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4. Discussion
4.1. Analysis of the hysteresis loop 
Analysis of the hysteresis loop of austenitic steel in cycling with different waveforms shows the 
importance of the strain rate on the shape of the loop. In sinusoidal strain-controlled loading the strain rate 
changes continuously and the maximum of the effective stress does not coincide with the maximum strain. 
Stress and plastic strain relaxation starts already before the maximum strain is achieved and results in 
higher plastic strain amplitude (Fig. 1b). 
In stress controlled loading the contribution of the effective stress also changes during each half-cycle, 
which affects substantially the shape of the hysteresis loop. The analysis of the loop shape can yield the 
effective stress and the probability density function f(σic) of the internal critical stresses σic according to 
the relation 
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where σes is the saturated effective stress [1]. In ramp loading the strain rate during the half-cycle is 
constant and saturated effective stress is constant too. The probability density function is obtained from 
the second derivative of the half-loop only by shifting the origin of the coordinate (see relation (1)). In 
sinusoidal loading the strain rate decreases during half-cycle and thus the effective stress decreases too.  It 
is reflected in the change of the first and second derivatives close to the maximum relative strain (Fig. 2). 
In cycling with the mean stress cyclic creep rate decreases and the shape of the loop reveals 
asymmetry. This asymmetry is apparent in the second derivative. The probability density function derived 
from the tensile half-loop is shifted to higher internal critical stresses (Fig. 3). It means that the stress 
asymmetry results in higher number of the microvolumes with high critical internal stresses in tensile half 
-loop than in compression half-loop. 
 
4.2. Effect of the mean stress on cyclic plasticity and fatigue life 
Cycling of duplex steel with various mean stresses not only leads to cyclic creep but has also important 
effect on the cyclic stress-strain response. This effect was found opposite in cycling with low stress 
amplitude and high stress amplitude. Increase of the mean stress in low amplitude cycling led to cyclic 
softening while in high amplitude cycling to cyclic hardening.. The explanation can be found in the type 
of dislocation structures. High amplitude straining with high mean stress leads to appreciable cyclic creep 
and unidirectional deformation. The dislocation density is high and results also in cyclic hardening. In 
symmetric low amplitude cycling the cyclic softening of the ferrite is difficult. Mean stress and resulting 
small mean strain due to cyclic creep contributes significantly to the early formation of dislocation 
structures corresponding to cyclic strain localization both in ferrite and austenite. Saturated plastic strain 
amplitude increases with mean stress, i.e. material cyclically softens. The different behavior of duplex 
steel in low and in high amplitude cyclic loading with mean stress results in the dependence of the slope 
of the cyclic stress strain curve on the mean stress (Fig. 6). 
The effect of the mean stress on the fatigue life is even more pronounced than on the plastic stress-
strain response. Fatigue life is reduced substantially (Fig. 10). The correlation of the fatigue life with the 
plastic strain amplitude (Fig. 11) reveals that in cyclic loading with mean stress plastic strain amplitude is 
not the deciding quantity that determines the fatigue life. Cyclic creep and resulting mean stress contribute 
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significantly to the fatigue damage. In cycling with the same amplitude around 2x10-4 the application of 
the mean stress 250 MPa leads to the 20 times reduction in the fatigue life. Kunz and Lukáš [5] in ferritic-
martensitic steel found 8 up to 10 times reduction of the fatigue life in cycling with mean stress 150 MPa, 
however, the life reduction could be explained by the increase of the plastic strain amplitude during 
cycling with positive mean stress. 
5. Conclusions 
The study of the cyclic plasticity and fatigue life in strain and stress controlled loading with mean 
stress led to the following conclusions: 
1. Strain rate in a cycle affect substantially the shape of the hysteresis loop since it determines the 
effective stress. The shape of the cycle affects stress and plastic strain amplitude.  
2. In asymmetric cycling the effective stress becomes nearly symmetric and the main asymmetry is 
due to internal stress as revealed by the probability density function of the critical internal 
stresses derived from both half-loops. 
3. Stress-controlled loading with mean stress of duplex steel has smaller effect on cyclic plastic 
stress-strain response than on the fatigue life. The effect on the plastic strain amplitude is 
different for high and low stress amplitudes and the slope of cyclic stress-strain curve changes 
with mean stress. 
4. The cyclic hardening and softening effects due to mean stress are in accord with observed 
dislocation structures. 
5. Fatigue life cannot be correlated only with plastic strain amplitude and the contribution of cyclic 
creep to the fatigue damage must be taken into account. 
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